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(54) Title: SCANNING ELECTOON MICROSCOPE 
(57) Abstract 

A scanning electron microscope has means (1, 3) for generating a beam of electnms which is scamped over a specimen (11) held 
within a holder (12) in a chamber (5) which contains a gasecus medium. A negative potential is applied to the holder (12) so as to generate 
an electric field which accelerates secondary electrons. f(»ined by the interaction of the primary bc^ wi& the specimen (11), in a direction 
away from the specim^ surface and into a collision zone (21) in the chamber. In that zone, the a ccelerated secondary electrons collide wi th 
g as molecules of gt egaseous medium, thereby initiating a_cascade of collisions which, in gflfect, amplifacs the seco ndary electron si^al. 
That-Signal (whidi may take the foarm of photons generated as a result of^ the collisions) is detected by detecting means (10, 7). such as a 
photo-multipIiCT. 


FOR THE PURPOSES OP INFORMATION ONLY 


Codes used to identify States party to the PCT on the firont pages of paiiq}hlets publishing intematioiial appUcatitHis under the PCT. 


AL 

Albania 

ES 

Spain 

LS 

Lesotho 

SI 

Slovenia 

AM 

Annenia 

FI 

Finland 

LT 

Lithuania 

SK 

Slovakia 

AT 

Austria 

FR 

Fiance 

LU 

Luxembouis 

SN 

Sen^al 

AU 

AnstnUia 

OA 

Gabon 

LV 

Latvia 

SZ 

Swaziland 

AZ 

Azerbaijan 

GB 

United Kingidom 

MC 

Monaco 

TD 

Chad 

BA 

Bosnia and Hcizcgovina 

GE 

Gcoisia 

MD 

Republic of Moldova 

TG 

Togo 

BB 

Barbados 

GH 

Ghana 

MG 

Madagascar 

TJ 


BE 

Belginni 

GN 

Guinea 

MK 

The fbnner Yugoslav 

TM 

Tflikmcnistan 

BF 

Btukina Paso 

GR 

Greece 


Republic of Maoedoaia 

TR 

Tnikcy 

BG 

Bulgaria 

HU 

Hungary 

ML 

Mali 

TT 

Trinidad and Tobago 

BJ 

Benin 

IE 

Irctand 

MN 

Mongolia 

UA 

Ukraine 

BR 

Brazil 

IL 

Israel 

MR 

Mauritania 

UG 

Uganda 

BY 

Belarus 

IS 

Iceland 

MW 

Malawi 

US 

United States of America 

CA 

Canada 

IT 

Italy 

MX 

Nfexioo 

UZ 

Uzbekistan 

CF 

Centra] AAican Republic 

JP 

Japan 

NE 

Niger 

VN 

Viet Nam 

CG 

Congo 

KE 

Kenya 

NL 

Netherlands 

YU 

Yugoslavia 

CU 

Switzerland 

KG 

Kyigyzstan 

NO 

Norway 

zw 

!Qmbabwe 

a 

Cdted'Ivoiie 

KP 

Democratic People's 

NZ 

New Zealand 



CM 

Cameroon 


Republic of Korra 

PL 

Pdland 



CN 

China 

KR 

Republic of Kosea 

PT 

Portugal 



CU 

Cuba 

KZ 

Kazakstan 

RO 

Romania 



CZ 

Czedi Republic 

LC 

Saint Lucia 

RU 

Russian Federation 



DE 

Gennany 

U 

Liechtenstein 

SO 

Sudan 



DK 

Denmaric 

LK 

Sri Lanka 

SE 

Sweden 



EE 

Estonia 

LR 

Liberia 

SG 

Singapofc 




wo 98/22^71 


1 


PCT/GB97A)3136 


TITLE r SCAMNIKG ET-EgTRON MICROSCOPE 
Field of -the Invention 

This invention relates to a scanning electron microscope and 
to a method of analysing a specimen by means of such a 
microscope, wherein the specimen is situated within a chamber 
which contains a gaseous medium. 

Background to the Invention 

The gaseous environment avoids or mitigates certain of the 
problems which arise from analysing a specimen in a high 
vacuum. For example, the gaseous environment may prevent or 
inhibit degradation of a biological specimen and can dissipate 
surface charges which would otherwise accumulate on a non 
conducting specimen to the detriment of image resolution. 

In some electron Biicroscopes, the gaseous environment is also 
used to amplify the secondary electron signal provided at the 
specimen. The secondary electrons obtained at the specimen as 
a result of the interaction with the scanning electron beam are 
accelerated towards an anode positioned generally above the 
sample. As the secondary electrons accelerate through the 
gaseous medium, they collide with gas molecules releasing 
further electrons which are also accelerated towards the anode . 
Since the electrons released by previous gas collisions can, 
in turn, release more electrons by further collisions in the 
gas, the acceleration of the original secondary electrons 
through the gas can trigger a cascade or avalanche of 
collisions which, in effect, provides the amplification. 

European Patent No. EP-Bl-330310 (Electroscan Corporation) and 
US Patent No. US 4785182 (Mancuso et al) relate to examples of 
environmental scanning electron microscope (ESEM) which employ 
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this gas amplification technique. Both microscopes detect the 
amplified secondary electron signal by measuring the current 
collect d on the anodes used to accelerate the secondary 
electrons. 

A paper of G D Danilatos published in 1992 (Proc. 50th annual 
meeting of the Electron Microscopy Society of America held 
jointly with the 27th annual meeting of the Microbeeim Analysis 
Society and the 19th annual meeting of the Microscopical 
Society of Canada/Soci^t§de Microscopie du Canada) discusses 
the possibility of detecting the amplified secondary electron 
signal by collecting photons generated in the electron 
avalanche in the gas, but still uses a positive electrode 
positioned 3 mm above the specimen to provide the necessary 
electron acceleration for the avalanche to occur - 

The performance of these microscopes can be adversely affected 
by the interactions between the primary electron beam, i.e. the 
beam emitted from the electron coliimn onto the specimen, and 
molecules of gas in the chamber. 

Summary of the Invention 

According to a first aspect of the invention, there is provided 
a scanning electron microscope comprising generating means for 
generating a scanning beam of electrons and for delivering the 
beam into a chamber for containing a gaseous medium, the 
chamber having a specimen holder for holding a specimen to be 
analysed, the holder being electrically insulated from the 
surrounding structure which carries the holder, means for 
applying a negative potential to the holder so as to generate 
an electric field within the chamber, the arrangement being 
such that, in use, the sccuming beam impinges on the specimen 
so as to provide secondary electrons on the specimen surface, 
the electric field accelerating the secondary electrons in a 
direction away from the specimen surface and into a collision 
zone in the chamber where collisions between the accelerated 
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secondary electrons and the gas molecules of the gaseous mediiim 
initiate a cascade of collisions, thereby generating an 
amplified secondary electron signal, the scanning electron 
microscope further comprising detecting means for detecting the 
secondary electron signal. 

By applying a negative potential to the specimen holder, the 
need for a separate positive electrode above the specimen is 
avoided. Consequently, the working distance in the chamber can 
be minimised, which correspondingly reduces any scattering of 
the primary beam by the gaseous medium. It has been found with 
this configuration that working distances of 1 mm or less can 
be achieved. 


In addition, it has been discovered that, unexpectedly, the 
application of a negative potential to the specimen holder 
appropriately modifies conditions at the specimen surface 
(giving rise to said electric field at the surface even if the 
specimen is non conductive). Thus, the microscope can obtain 
images of both conductive and non-conductive specimens. 

It has also been found that the risk of breakdowns in the gas 
is also minimised which allows relatively large fields to be 
applied to the specimen holder. The large fields, in turn, 
give rise to improved gas amplification of the secondary 
electron signal. 

Preferably, the detecting means is arranged to detect photons 
generated as a result of said cascade of collisions in the gas. 

Since the microscope can be configured to have a small working 
distance, the collision zone can be of a correspondingly small 
volume. In such a case, the density of photons g enerated in 
t he 2one^ J^s_j^lat4v ely high, and this facilitates photon 
co llectio n by a pho^^'^-g^^ ^tive device (for exa mple a photo- 
multiplier). Thus, this type of detect ing mean^_jg 
par t i cul arl v suitable for the microscope^^ 
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Preferably^ the detecting means includes photo collection means 
comprising a light pipe which extends into the chamber and, in 
use, gathers photons generated in the collision zone and 
directs those photons to a detector - 

Additionally or alternatively, the photon collection means may 
to advantage comprise a mirror in the chamber. 

Preferably, the mirror is curved (preferably paraboloidal ) so 
as to focus the photons on the detecting means or another point 
of the collection means (for example the light pipe). 

Preferably, the collection means comprises the light pipe and 
the mirror, the mirror being arranged so as to reflect photons 
towards the light pipe in order to increase photon detection. 

Conveniently, the means for applying a negative potential to 
the holder comprises an electrical lead which extends into the 
chamber to connect the holder to a voltage source. 

Preferably, the microscope includes further electrode means 
situated adjacent the portion of the detecting means which 
receives the photons to be detected, cOid means for applying a 
positive voltage to said further electrode means. 

The application of the positive voltage to the further 
electrode means draws the secondary electrons and negatively 
charged pcorticles released in said cascade of collisions, 
towards the detecting means and thus moves the collision zone 
closer to the detecting means. 

The further electrode means may to advantage comprise an 
electrical conductor which is situated between the front of the 
detecting means and the collision zone and is so apertured as 
to allow photons to pass from the collision zone to the 
detecting means. Such a conductor may be in the form of a 
grid. 
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The grid is conveniently mounted on the detecting means from 
which the grid preferably extends towards the collision zone. 

Where the detecting means includes a light pipe, the grid is 
conveniently mounted on the end of the light pipe and lies on 
a notional substantially hemispherical or part ellipsoida l 
surface. 

The invention also lies in a scanning electron microscope 
comprising generating means for generating a scanning beam of 
electrons and for delivering the beam onto a specimen in a 
gaseous medium in a chamber, electrode means for accelerating 
electrons, released from the specimen as a result of the beam, 
into a collision zone and photo detecting means for detecting 
photons released in said collision zone, wherein the electrode 
means is situated adjacent the detecting means, preferably in 
the paths of photons from the collision zone to the detecting 
means . 

According to a second aspect of the invention, there is 
provided a method of analysing a specimen by a sccuming 
electron microscope, the method comprising the steps of 
generating a scanning beam of electrons, directing the beam 
into a chamber containing a gaseous medium, and including a 
holder carrying the specimen, applying a negative bias 
potential to the holder so as to provide an electric field 
within the chamber, the scanning beam impinging on the specimen 
and producing on the specimen surface secondary electrons which 
are accelerated by the electric field in a direction taking the 
secondary electrons away from the specimen sixrface emd into a 
collision zone in the chamber where collisions between the 
accelerated secondary electrons and the gas molecules of the 
gaseous medium initiated cascade of collisions and detecting 
the resulting signal. 

Preferably, said signal comprises detectable photons generated 
by said cascade of collisions. 
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The invention will now be described, by way of example only, 
with reference to the accompanying drawings, in which: 

Figure 1 is a schematic side view of an electron microscope in 
accordance with the invention; 

Figure 2 is a sectional side elevation of part of the 
microscope; 

Figures 3 and 4 are more detailed views of two embodiments of 
one of the components of the microscope; and 

Figures 5 and 6 are graphs illustrating the results of tests 
on the performance of the microscope. 

Detailed Description 

The microscope shown in the drawing comprises generating means 
20 for generating a beam of electrons which is scanned over a 
specimen 11 in a gaseous environment in a chamber 5, 

The generating means comprises an electron giui 1 which supplies 
electrons to an electron colximn 3 for providing a focused 
electron beam which passes through an orifice in a bottom 
portion 4 of the column 3, and is scanned over the specimen 11. 

The various components of the gun 1 and column 3 are shown in 
Figure 2. 

The gun 1 is situated in a cylindrical cavity 32 in the upper 
portion of a housing 34. The top of the housing 34 supports 
a cap 36 having an inwardly directed flange 37 which sits on 
a 0-ring seal 38 located in a corresponding circular groove in 
an upper shoulder 40 from the base of an upper cylindrical wall 
42 in the housing 34. The lower portion of the cap 36 fits 
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within the wall 42 with some clearance so that the position of 
the cap 36 and hence the gun relative to the housing 34 may be 
adjusted by means of an adjustment knob 44 and a screw-threaded 
shaft 46 which extends through the wall 42 to bear against a 
side of the cap 36. A cover 48 is secured to the top of the 
cap 36 and overlies a flanged cylindrical support 50 within the 
cap 36. The flange of the support 50 is urged against an O- 
ring seal 52 on an annular upward facing shoulder defined by 
the inwardly directed flange 37 on the base of the cap 36. 

The support 50 partially accommodates an EHT plug 54 through 
which the gun is connected to a source of current and a source 
of negative voltage. The current is supplied to a filament 
cathode 56 held in position by means of an insulating mounting 
cylinder 58 attached to the base of the support 50. Also 
attached to the support 50 is a Wehnelt cylinder 60 for 
suppressing lateral emissions of electrons from the cathode, 
Negative voltage is applied to the Wehnelt cylinder 60. 
Electrons generated by the filament cathode 56 are accelerated 
towards a disc-shaped anode 62 situated just beneath the 
cylinder 60. An aperture 64 at the top of the anode 
communicates with a passage 66 in a hollow peg 68 depending 
from the bottom of the anode 62. The peg extends through a 
corresponding passage in an anode support 70 bolted to the 
bottom of the cavity 32. 

The housing 34 is also provided with a central lower passage 
through which an elongate pole piece assembly 72 extends from 
the bottom of the cavity 32 to a lower end cap assembly 74. 

The pole piece assembly 72 defines a central passage 73 which 
from top to bottom, tapers into the first pole piece gap 75, 
expands and then tapers into the second pole piece gap 77 
before expanding again towards the bottom of the asseiably 72. 
The assembly 72 retains three aperture discs 76, 78 and 80 
which act as spray apertures to remove stray electrons from the 
beam. These discs are aligned with the beam path from the gun 
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1. 

Disposed around the pole piece assembly 72 are two electrical 
coils 84 which are housed in an annular cavity in the housing 
34, and which when a current is applied, form with the pole 
pieces 72 and their housing 34 a pair of condenser lenses. 
These lens are separated by a spacer ring 85 • 

The lower cap assembly 74 also has an annular cavity which 
accommodates a final electromagnetic lens 86. The lens 86 
surrounds a central passage 88 in the assembly 74. The passage 
88 is aligned with the passage in the housing 34, and 
accommodates electromagnetic sccin coils 90. The current needed 
to operate the electromagnetic lenses and scan coils is 
supplied via electrical f eed-throughs 92 cuid 94. The passage 
88 also accommodates astigmatism correction coils 89. 

The cap 74 has an end piece 96 which is of a trucated conical 
shape and is provided with a differential apertiire 98. 

The bottom of the cap assembly 74 also carries an electrical 
sensor 100 which acts as a touch alarm for warning the operator 
if the bottom of the column 3 comes into contact with anything 
in the chamber 5. The assembly 74 also carries a downwardly 
facing O-ring seal 102 for sealing against the housing which 
defines the cavity 5. 

In use, electrons released at the filament cathode 60 are 
accelerated by the anode 62 to form a beam travelling in the 
general direction of the central axis of the column 3 . As the 
beam travels through the pole piece assembly 72, the spray 
apertures 76, 78 and 80 remove electrons which are diverging 
to an appreciable extent from the beeim axis, whilst the 
condenser lenses formed by the pole piece assembly 72 and the 
coils 84 focus the beam causing two beam crossovers. The beam 
then passes through the astigmatism correction coils 89 and 
past the final lens 86 and past the electromagnetic scan coils 
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90. The scan coilx90 cause the beam to scan a specimen in th 
chamber 5. The beam exits the bottom of the column through the 
aperture 98. 

The aperture 98, whilst allowing the passage of the electron 
beam, inhibits the flow of gas from the chamber 5 into the 
column 3, to a degree which is a function of diameter and 
length of the aperture. A vacuum is maintained in the column 
3 by means of a pump (not shown) connected to the vacuum port 
2 which communicates with the cavity 32. For the sake of 
simplicity, only one vacuum port is shown, although it is 
possible for the design of the column 3 to be modified so that 
the column has several ports, each connected to a respective 
pump so that the column is differentially pumped so as to 
provide a higher vacutun in the region of the gun 1 than in the 
rest of the column 3. This higher vacuum is beneficial to the 
life span and emission stability of the gun 1, and also reduces 
the scattering of the electron beam as a result of interactions 
with gas in the column 3. 

The chamber 5 also has em outlet port 8 which is connected to 
its own ptimping system (not shown) for regulating the pressure 
of gas in the chamber 8. In this example, the pumping system 
includes a facility for the operator to control the pressu re 
of gas in th e chaiaber 5. 

The bottom of the chamber 5 supports a table 14 on which a 
specdLmen holder 12 is mounted through a block 13 of insulating 
material. The table 14 is movably mounted in the chamber 5 and 
is connected to an adjustment mechanism (not shown) which 
enables the operator to adjust the position of the table 14, 
and hence the specimen 11 from outside the chamber 5, to bring 
a desired area of the specimen 11 into the path of the electron 
beam. 

A mirror 9 is positioned above and to one sid of the specimen 
11 in opposing relationship to the outboard end of a light pipe 
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10 which extends into the chamber 5. The other end of the 
light pipe 10 is connected to a photo-multiplier 7, the power 
supply for which is denoted by the nimeral 17. 

The end of the light pipe 10 carries a further electrode 22 
which is connected to a further voltage source (not shown) for 
applying a positive potential of 0 - 400v to the further 
electrode 22. The further electrode 22 is shown in more detail 
in Figure 3, from which it can be seen that the further 
electrode takes the form of a cap. The cap has an electrically 
conductive ring 24 which fits over, and embraces, the end of 
the light pipe 10. 

A conductive grid in the form of a generally part ellipsoidal 
mesh 26 is attached to the ring 22, cuad extends from the front 
of the light pipe towards the area above the specimen 11. 

The alternative embodiment of electrode shown in Figure 2 also 
has a cap 28 and gauze 30, cmd is fitted onto the light pipe 
10 in a similar fashion to the electrode shown in Figure 2. 
However, in this case the gauze 30 does not extend away from 
the light pipe 10. 

Another embodiment of electrode (not shown) comprises a coating 
of Tin Oxide on the front of the light pipe 10. The thickness 
of such a coating is chosen to be such that the coating is 
transparent to the photons to be collected by the light pipe 
10. 

The sample holder 12 is connected via a cable 18 to a feed, 
which extends through the wall of the chamber 5, and is in turn 
connected to a 0 to 1 kV variable power supply. 

The chamber 5 and table 14 are earthed so that a negative 
potential applied by the power supply 16 to the holder 12 and 
the positive potential applied to the electrode 22 create an 
electric field in the chamber 5 which accelerates secondary 
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electrons, formed by interaction with the scanning beam, in a 
direction away from the specimen 11 towards the front of the 
light pipe 10, and thus into a collision zone 21 in which a 
cascade of collisions occurs. Those collisions excite the gas 
molecules and create gaseous ions. Some of the photons 
generated by the relaxation or recombination of those molecules 
and ions are collected directly by the light pipe 10 whilst 
others are reflected on to the light pipe 10 by the mirror 9. 
In both cases, photons can travel through the gauze of the 
el ^trode 22 to be collected by the light pi pe_10. The photons 
collected, directly or indirectly, by the light pipe 10 are 
supplied to the photo-multiplier 7 which generates an output 
signal. The microscope can optionally include a capillary tube 
(which, in this example, is of a diameter of 50 micrometers) 
which extends into the chamber 5 to a position adjacent the 
region of the specimen 11 and allows gas to be injected into 
the chamber 5. 

It has been foxmd that the best image quality is achieved by 
adjusting the negative bias potential applied to the holder 12 
to a level just below the bias which would cause breakdown of 
the gas in the chamber 5, and hence a discharge without any 
electron beam. The bias power supply 16 therefore is current 
limited to avoid damage if a discharge voltage is accidentally 
reached during the bias adjustment. In the present example, 
the current limitation is achieved by means of a series 
resistor of 1-10 MQ. The voltages applied to the specimen 
holder 11 typically lie within the range of 250 volts to 750 
volts. As with other electron avalanche gas detectors, the 
best image voltage is a function of pressure, the nature of the 
gas in the chamber and of working distance. 

The microscope has been successfully operated with gas 
pressures in the chamber 5 remging from 50 Pa to 20,000 Pa. 

Figure 2 is a graph which illustrates the results of some of 
the tests of the performance of the microscope at various 
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pressures. The different pressures are plotted along the x- 
axis of the graph/ the y-axis of which represents the 
efficiency of detection of secondary electrons emitted by the 
specimen. 

At low pressures, the yield (i.e. the signal produced by the 
photo-multiplier 7) is low. The microscope becomes fully 
operational at 50 Pa, and its yield rapidly increases to a 
maximum at 200 Pa. The yield then decreases, to a constant 
level for higher pressures. 

Figure 6 is a graph of bias voltage (y-axis) against pressure 
(X-axis), and illustrates the best bias voltages for obtaining 
images at various different pressures . Each "best " bias 
voltage is just below the voltage at which discharge would 
occur in the gas in the absence of an electron beam. 

It is to be understood that the microscope described and 
illustrated herein is an example of the invention, and that 
various modifications or alterations to the microscope are 
possible without tedcing it outside the scope of the invention. 
For example, the table on which the specimen holder is 
supported may be mounted on the door to the microscope chamber 
( rather than on the chamber base ) . 


W09M2y71 


13 


PCT/GB97y03136 


CLAIMS 

!• A scanning electron microscope comprising 

generating means for generating a scanning beam of 
electrons and for delivering the beam into a chamber for 
containing a gaseous medixim, the chamber having a specimen 
holder for holding a specimen to be analysed, 

means for applying a negative potential to the holder so 
as to generate an electric field within the chamber, 

the arrangement being such that, in use, the scanning beam 
impinges on the specimen eind provides secondary electrons 
which are accelerated by the electric field in a direction 
taking the secondary electrons away from the specimen 
surface and into a collision zone in the chamber where 
collisions between the accelerated secondary electrons and 
the gas molecules of the gaseous medium initiate a cascade 
of collisions thereby generating an amplified secondary 
electron signal, the microscope including detecting means 
for detecting the signal. 

2. A scanning electron microscope according to claim 1, in 
which the detecting means is arranged to detect photons 
generated as a result of sciid cascade of collisions in the gas* 

3. A scanning electron microscope according to claim 2, 
wherein the detection means comprises collection means for 
gathering photons generated in the collision zone and directing 
them to a detector means. 

4. A scanning electron microscope according to claim 3, in 
which the collection means comprises a light pipe which extends 
into the chamber. 
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5. A scanning electron microscope according to claim 3 or 
claim 4, in which the collection means comprises a mirror. 

6. A scanning electron microscope according to claim 5 when 
appended to claim 4, in which the mirror is arranged to reflect 
photons generated in the collision zone towards the light pipe. 

7. A scanning electron microscope according to claim 5 or 
claim 6, in which the mirror is curved. 

8. A scanning electron microscope according to any of claims 
2 to 7, wherein the detecting means comprises a photo- 
multiplier. 

9. A scanning electron microscope according to cuiy of the 
preceding claims, wherein the means for applying a negative 
potential to the support comprises an electrical lead which 
extends into the chamber to enable said negative potential to 
be applied to the specimen holder. 

10. A scanning electron microscope according to any of the 
preceding claims, in which the microscope includes further 
electrode means situated adjacent the detecting mecms and means 
for applying a positive voltage to the further electrode means 
to shift said collision zone closer to the detecting means. 

11. A scanning electron microscope according to claim 10, in 
which the further electrode means is interposed between the 
collision zone and the detecting meams, and is apertured so as 
to allow photons to travel from the collision zone to the 
detecting means. 

12. A scanning electron microscope according to claim 11, in 
which the further electrode means comprises an electrically 
conductive grid. 


13. A scanning electron microscope according to claim 12, in 
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which the grid is mounted on the detecting means, and extends 
therefrom towards the collision zone. 

14. A scanning electron microscope according to claim 13, in 
which the grid lies on a notional hemispherical or part 
ellipsoidal surface. 

15. A method of analysing a specimen by a scemning electron 
microscope, the method comprising generating a scanning beam 
of electrons, directing the beam into a chamber containing a 
gaseous medium and including a holder carrying the specimen, 
applying a negative bias potential to the holder so as to 
provide cOi electric field within the chamber, the scanning beam 
impinging on the specimen and producing on the specimen surface 
secondary electrons which are accelerated by the electric field 
in a direction taking the secondary electrons away from the 
specimen surface and into a collision zone in the chamber where 
collisions between the accelerated secondary electrons and the 
gas molecules of the gaseous mediuim initiate a cascade of 
collisions, and detecting and analysing the resulting signal. 

16. A method according to claim 7, in which said signal 
comprises a cascade of detectable photons generated by said 
cascade of collisions. 
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